Ferromagnetic resonance spectroscopy is used to determine magnetic interactions in layer stacks designed for orthogonal spin-transfer magnetic random memory devices. The stacks have layers with different anisotropy directions and coupling, consisting of a perpendicularly magnetized polarizer, an in-plane magnetized free layer, and an in-plane magnetized exchange biased synthetic antiferromagnetic layer. The oscillatory exchange coupling strength in the synthetic antiferromagnet was measured along with its exchange bias. The free layer properties were also determined. It is demonstrated that this one integrated measurement technique is able to provide quantitative measurements of key magnetic parameters in a complex layer stack, which is a prerequisite for high turn-around device materials characterization and optimization. Orthogonal spin-transfer magnetic random access memory (OST-MRAM) devices offer fast (sub-ns) write performance and low power operation, of great interest for non-volatile memory applications.
Orthogonal spin-transfer magnetic random access memory (OST-MRAM) devices offer fast (sub-ns) write performance and low power operation, of great interest for non-volatile memory applications. [1] [2] [3] They consist of a spinpolarizing layer with perpendicular magnetization (P) and a magnetic tunnel junction (MTJ) or spin valve with in-plane magnetization orientation of the electrodes (see Fig. 1(a) ). One of the electrodes of the MTJ, the reference layer (RL), may be a part of a synthetic antiferromagnet (SAF). Large spin-transfer torques and fast switching have been predicted 1 and MTJ based prototype devices have recently been demonstrated. 3 These results were confirmed in measurements on similar devices in Ref. 4 .
Understanding and engineering the magnetic properties as well as the interactions between the magnetic layers plays a key role in optimizing their switching behavior and the magnetic stability of devices. Static measurement techniques such as vibrating sample magnetometry (VSM) turn out to be difficult to interpret due to the contributions of each layer to the hysteresis loops. A variety of techniques is used instead. Exchange coupling has been studied using magnetoresistance measurements, 5 Kerr microscopy, 6 and ferromagnetic resonance (FMR), 7 among many other methods. Exchange bias has been investigated in antiferromagnetic/ferromagnetic bilayers 8 or in synthetic antiferromagnets 7 using FMR. Furthermore, FMR is commonly applied for the determination of anisotropies of magnetic thin films. 9 Here we present a method for the full characterization of complex layer stacks based on FMR, specifically layer stacks designed for OST-MRAM devices. First, the FMR peaks are related to each of the in-plane ferromagnetic layers. Interlayer interactions modify the FMR resonance condition.
A simple model is shown to describe the frequency dependence of all the observed in-plane resonance peaks and enables the determination of the layer magnetic anisotropies and interlayer interactions.
The layer stacks were grown on oxidized silicon wafers using a Singulus TIMARIS physical vapor deposition module. One layer, the polarizer (P), has a high spinpolarization, coercivity and a perpendicular anisotropy (see Fig. 1(a) ). The MTJ layer stack is deposited on top of the polarizer separated by 10 nm of Cu. One of the electrodes of the MTJ forms the device free layer (FL) while the other is a SAF that consists of a RL and an exchange biased ferromagnetic (EB-F) layer. The coupling between the RL and EB-F layer of the SAF is mediated by a Ru interlayer of variable thickness. C for 2 h in a 10 kOe magnetic field setting the direction of the exchange bias field H eb .
The FMR measurements were carried out at room temperature. The samples were placed directly on top of a coplanar waveguide both being used to generate an ac magnetic field H ac and as an inductive sensor. FMR spectra were taken by measuring the S-parameters while a dc magnetic field H dc is applied in the film plane and swept from 0 to 10 kOe at a constant microwave frequency between 11 and 49 GHz with the ac field set perpendicular to the dc applied field.
The FMR spectra (see Figs (2012) position of the central peak is nearly the same for the parallel and antiparallel orientations; it shifts in the perpendicular orientation, which can be attributed to a uniaxial magnetic anisotropy, discussed below. Compared to this, the right peak stays fixed for all sample orientations. The left peak is closer to the central peak in the perpendicular than in the parallel orientation. In the antiparallel orientation the slight asymmetry of the central peak indicates that the left peak moved further in the same direction and merged with the central peak. From this it can be concluded that the left peak represents the EB-F layer: the unidirectional exchange bias due to the antiferromagnetic PtMn layer either increases or decreases the internal field acting on the layer, leading to a shift of the resonance peak to higher or lower magnetic field.
To identify the origin of the central and right peak, FMR scans for different Ru thicknesses at the same frequency were compared. The exchange coupling mediated by the Ru layer between the RL and EB-F layer is known to change strength and sign depending on the Ru thickness.
6,10 Antiferromagnetic coupling will increase the FMR resonance field compared to that of an uncoupled film. Ferromagnetic coupling will cause the opposite effect and lower the resonance field. This type of behavior is observed for the right FMR peak and can therefore be attributed to the RL. Unlike exchange bias coupling, the orientation of the sample with respect to the applied magnetic field does not change the position of this peak. This is because the field applied to achieve the resonance conditions is sufficient to saturate the layer magnetizations in the field direction. The fixed position of the central peak (as a function of Ru thickness and applied field direction) is strong evidence for a layer not interacting strongly with any other layer, which is a behavior expected for the FL.
FMR spectra at different microwave frequencies are shown in Fig. 2 . The peak positions were determined from the maximum amplitude of the absorption signal. In case of the EB-F peak the transmitted signal's phase was also analyzed to more accurately identify the peak position. The anisotropy of the FL was determined by fitting the position of the central absorption line's field dependence. For our measurement configuration the resonance condition can be derived from the Smit and Beljers formula 11 and is given by
with H res the resonance field, H eff ¼ 4pM s À H K the effective magnetic field, and c ¼ gc B h the gyromagnetic ratio. From this an average effective magnetic field of (10.5 6 0.5) kOe and an average g-factor of 2.18 6 0.04 were determined. The layer exhibits a perpendicular anisotropy of H K ¼ 6.8 kOe which is about 2 times smaller compared to what was found in Ref. 12 . The slight shift between perpendicular and both parallel and antiparallel orientation can be attributed to a uniaxial anisotropy, indicating that the perpendicular orientation is the hard axis direction with H K ¼ 0.11 kOe (see point A in Fig. 1(c) ). From the frequency dependence of the linewidth of the free layer peak the damping parameter a was found to be 0.011 6 0.001. The intercept with the y axis at zero frequency DH 0 is (0.22 6 0.02) kOe. This large value may reflect that the line is inhomogeneously broadened or that two magnon scattering is important. The exchange interaction between the EB-F layer and RL can be derived from the FMR spectra, the rightmost points in Fig. 2 . The resonance field H res in formula (1) is replaced by H res -H ex to account for the exchange coupling effect leading to
with H ex the exchange coupling field and g fixed at 2.18. Positive (negative) H ex indicates antiferromagnetic (ferromagnetic) coupling. The average H eff is found to be (9.54 6 0.32) kOe indicating that the effective magnetization of the RL is slightly smaller than that of the thinner FL. The exchange coupling field H ex is plotted in Fig. 3(c) . The value of the exchange interaction varies with the Ru thickness t Ru , changing sign from positive (antiferromagnetic coupling) to negative (ferromagnetic coupling) at around Fig. 3(a) ). H ex ¼ 0.65 kOe is slightly smaller than what was measured using FMR. The coupling constant was calculated using J ex ¼ Àl 0 H res M 1 t 1 M 2 t 2 =ðM 1 t 1 þ M 2 t 2 Þ and compared to values obtained by magneto-optical Kerr effect measurements of a multilayer of 2 CoFeB/t Ru Ru/2 CoFeB. 6 The antiferromagnetic maximum was calculated to be 0.16 mJ/m 2 which compares very well to what was found in Ref. 6. In the case of the EB-F layer both exchange coupling and exchange bias effect have to be taken into account. The latter will cause the EB-F layer to be pinned in one direction and it depends on the direction of H dc in which direction the corresponding FMR peak is shifted. H res has to be substituted by H res -H ex 6 H eb . The sign for H eb is positive (negative) in the case of parallel (antiparallel) alignment of H eb and the external magnetic field. This leads to formula
with H eb the exchange bias field. The average H eff of the EB-F layer is found to be (14.16 6 1.91) kOe. Since the exchange field H eb is known from analyzing the reference layer, the exchange bias field H eb can be derived by a simple arithmetic operation (see Fig. 3(c) ). The average exchange bias field H eb ¼ (1.34 6 0.09) kOe and is slightly higher than the 1.04 kOe from the VSM measurements (see point B in Fig. 3(a) ).
The FMR spectra are fit in Fig. 2 to the appropriate model (Eqs. (1), (2) or (3)). As discussed above, the parameters H eff , H ex , and H eb are obtained from the fits. Within the error bars, there is excellent agreement between measurement and fits. In the inset of Fig. 2 a different representation of the same data is shown: the frequency is divided by a field H' which should result in a linear dependency on the resonance field H res with a zero frequency intercept that is related to the sum of the effective field and interactions fields (see Eqs. (1)- (3)) if the models accurately describe the resonances. H' depends on the interactions and the corresponding model and equals H res (FL), H res -H ex (RL), and H res -H ex þ H eb (EB-F layer). The measurements for all peaks could indeed be fitted by a linear function with the slope kept constant by choosing g ¼ 2:18 as can be seen by the parallel fit lines in the inset of Fig. 2 .
In conclusion, we demonstrated that FMR provides a means to characterize and optimize complex layer stacks, such as those used in OST-MRAM devices. Firstly, it provides layer-specific information about the effective magnetic field and the anisotropies that cause it. Secondly, magnetic interactions between the layers can be studied in great detail: the exchange coupling between the RL and EB-F layer in the parallel and antiparallel regime and the exchange bias effect between the EB-F layer and the antiferromagnetic PtMn. This is a considerable advantage over static measurement techniques, such as VSM which turn out to be difficult to interpret due to the contribution of each layer to the hysteresis loop.
